Tryptophan fluorescence is a powerful tool for studying protein structure and function, especially membrane-active proteins and peptides. It is arguably the most frequently used tool for examining the interactions of proteins and peptides with vesicular unilamellar model membranes. However, high light scattering associated with vesicular membrane systems presents special challenges. Because of their reduced light scattering compared to large unilamellar vesicles (LUV), small unilamellar vesicles (SUV) produced by sonication are widely used membrane models. Unfortunately, SUV, unlike LUV, are metastable and consequently unsuitable for equilibrium thermodynamic measurements. We present simple and easily implemented experimental procedures for the accurate determination of tryptophan (Trp) fluorescence in either LUV or SUV. Specifically, we show that Trp spectra can be obtained in the presence of up to 6 mM LUV that are virtually identical to spectra obtained in buffer alone, which obviates the use of SUV. We show how the widths and peak positions of such spectra can be used to evaluate the heterogeneity of the membrane conformation and penetration of peptides. Finally, we show how to use a reference fluorophore for the correction of intensity measurements so that the energetics of peptide partitioning into membranes can be accurately determined. © 2000 Academic Press Key Words: membrane proteins; light scattering; lognormal distribution; spectral position-width analysis; peptide-membrane interactions; large unilamellar vesicles; small unilamellar vesicles.
Tryptophan fluorescence is a powerful analytical tool for proteins that is especially important in membrane studies (reviewed in 3). Typically, the fluorescence of membrane-active proteins and peptides is measured in model phospholipid membranes consisting of unilamellar vesicles. An inherent difficulty is the distortion of fluorescence spectra caused by high, wavelength-dependent scattering of light from the vesicles. Although scattering-related artifacts are generally known to be problematic, procedures for optimizing experimental conditions for their elimination are not widely appreciated or practiced. We present here a systematic examination of tryptophan fluorescence light-scattering artifacts and easy-to-implement procedures for their elimination.
As shown in Fig. 1 , wavelength-dependent light scattering from vesicles affects differently the three spectral regions associated with tryptophan fluorescence: excitation, blue-wing emission, and red-wing emission. The net results of scattering are (a) direct contributions of scattered exciting light to the emission pathway, (b) loss of fluorescence intensity due to attenuation of excited light, (c) loss of fluorescence intensity due to attenuation of emitted light, and (d) an apparent red shift of the fluorescence spectrum due stronger attenuation of blue-wing emission compared to the redwing. The common procedure of subtracting a scattering spectrum obtained from a blank vesicle-containing sample from the fluorescence of vesicle-bound protein corrects only the first problem. We show here how the remainder of the scattering artifacts can be eliminated, minimized, or corrected for through manipulation of optical path, excitation and emission polarizer orientation, and the use of an artifact-free fluorophore reference spectrum. The simple procedures described allow one to determine reliably and accurately the intensity and spectral shape of tryptophan fluorescence even in the presence of large unilamellar vesicles (LUV), which is an important equilibrium membrane system. Although small unilamellar vesicles (SUV) produced by sonication are used extensively in fluorescence measurements because of their lower scattering of light (Fig. 1B) , they are nonequilibrium structures and thus not appropriate for equilibrium partitioning studies. That issue aside, fluorescence intensities obtained using SUV must still be corrected for scattering artifacts, as we demonstrate for the partitioning of melittin.
With correct fluorescence spectra in hand, proper data analysis yields useful structural and thermodynamic information about membrane-active proteins and peptides. We give two examples. First, we analyze and compare the heterogeneity of membrane conformation and penetration of three peptides (melittin, TMX-1, and TMX-3) using a two-dimensional positionwidth analysis based on an approach pioneered by Burstein and co-workers (4, 5) . Second, using melittin as an example, we demonstrate the importance of fluorescence-intensity corrections in thermodynamic measurements of membrane partitioning. We conclude our discussion by summarizing in tabular form experimental tips, procedures, and requirements for the analysis of tryptophan fluorescence in studies of protein-membrane interactions.
MATERIALS AND METHODS
Materials. POPC was obtained from Avanti PolarLipids (Alabaster, AL) and tryptophan, N-acetyl-tryptophan-amide, and melittin (sequencing grade) were from Sigma (St. Louis, MO). Melittin titration experiments were performed in 10 mM phosphate buffer containing 1 mM EDTA, pH 7. In other experiments, the buffer solution contained 10 mM Hepes, 50 mM KCl, 1 mM EDTA, 3 mM NaN 3 , pH 7. TMX peptides were synthesized using standard Fmoc chemistry and purified as described elsewhere (1) . After purification, the peptides were better than 98% pure as judged by analytical HPLC, electrophoresis, and mass spectroscopy. The concentrations of tryptophan and tryptophan-containing peptides were determined spectrophotometrically using an extinction coefficient of 5600 M Preparation of vesicles. LUV were formed from POPC by extrusion under N 2 pressure through Nucleopore polycarbonate membranes using the method of Mayer et al. (6) . SUV were prepared from POPC by sonication as described by Huang (7) . Lipid concentrations were determined according to the procedure of Bartlett (8) .
Fluorescence measurements. Fluorescence measurements were made with a SLM 8000c spectrofluorometer (Urbana, IL) equipped with a single-grating emission monochromator and a double-grating excitation monochromator. An excitation wavelength of 270 nm was used except for tryptophan, N-acetyl-tryptophan-amide, and melittin in buffer for which 280 nm was used. Excitation slits were not wider than 8 nm; emission slits were 4 nm. Unless otherwise indicated, the emission polarizer was oriented at 0°relative to the vertical and the excitation polarizer at 90°or 54.7°(for tryptophan and melittin in buffer). Spectra were measured using a 2 ϫ 2-mm cuvette except for the use of a 10 ϫ 10-mm cuvette for tryptophan, N-acetyl-trypto-LAAVAAALAAVAASKSKSKSK-amide; TMX-3, membrane-binding peptide of Ladokhin and White (2), GGWAALAAHLAPALAAALA-HALASRSRSRSR-amide; Ex pol , excitation-path polarizer orientation relative to vertical; Em pol , emission-path polarizer orientation relative to vertical; NLLSQ, nonlinear least-squares. Effects of vesicle light scattering. For the data shown, lipid concentration was 6 mM and the optical path was 2 mm. Solid curves show optical density arising from scattering from large unilamellar vesicles (LUV) and small unilamellar vesicles (SUV). Tryptophan absorbance (dot-dash curve) and emission (dashed curve) spectra are shown for reference. The figure shows that the three spectral regions related to tryptophan excitation and emission will experience different levels of scattering, leading to attenuation of intensity and an apparent red shift of emission (see Fig. 5 ).
phan-amide, and melittin in buffer. Spectra were collected in the region of 280 -500 nm with an increment of 1 nm. Normally, 5 to 50 spectra were averaged to achieve an adequate signal-to-noise ratio. After background correction, the spectra were fitted to a lognormal distribution:
where (Fig. 1A) I o is the intensity observed at the wavelength of maximum intensity max and ⌫ is the full width of the spectrum at half-maximum intensity I o /2. The asymmetry of the distribution is described by the parameter , determined by nonlinear least-squares (NLLSQ) fitting. NLLSQ analyses and data simulations were performed with the commercial software packages Origin 6.0 (MicroCal, Inc., Northampton, MA) and Spectra Calc (Galactic Industries Corp., Salem, NH).
RESULTS AND DISCUSSION

Choice of Vesicle System: LUV or SUV?
The two types of model lipid bilayer systems utilized most frequently in membrane protein studies are SUV and LUV. SUV are obtained by sonication and have a diameter of about 30 nm (7, 9) , while LUV are obtained by extrusion and have a diameter of about 100 nm (6) . Because their smaller size reduces light scatter, SUV have been perceived as the most appropriate system for optical spectroscopic studies. However, SUV are known to be metastable (10, 11) and to produce anomalous peptide binding (12) (13) (14) (15) , due perhaps to distorted lipid packing associated with high surface curvature.
A dramatic example of anomalous behavior of SUV was encountered in studies of the membrane association of the hydrophobic peptide TMX-3 (2) and is illustrated in Fig. 2 . TMX-3 contains a single tryptophan and a pair of titratable histidine residues. According to the interfacial hydrophobicity scale of Wimley and White (16) , charged histidines (pH 5) should strongly reduce membrane partitioning compared to deprotonated histidines (pH 8). Consistent with this prediction, the fluorescence spectrum of TMX-3 in the presence of LUV at pH 5 (bottom dashed curve) has a lower intensity and is red shifted compared to the same sample at pH 8 (lower solid curve). This pH dependence is totally abolished for binding to SUV (two top curves), indicative of an anomalous peptide-vesicle interaction.
LUV are more suitable models of biological membranes because of their larger radii of curvature. They have the additional important characteristic of being equilibrium structures, which is a prerequisite for thermodynamic measurements. Despite their lower scattering of light (Fig. 1B) , spectra obtained from SUV are nevertheless subject to scattering artifacts that must be corrected appropriately. Given their nonequilibrium behavior, the need for correction of scattering artifacts (albeit reduced), and the fact that the scattering artifacts associated with LUV are easily corrected (see below), there appears to be little justification for using SUV in spectroscopic measurements.
Polarizers and Short Optical Paths Minimize Scattering Effects
Because scattered light, unlike fluorescence, maintains the polarization of the excitation beam, the use of a polarizing filter in the emission pathway may reduce the relative contribution of the scattered light to the emission signal. The simple example for tryptophan (Trp) fluorescence in the presence of LUV presented in Fig. 3 illustrates that even a so-called magic-angle configuration (curve 2), Ex pol ϭ 54.7°and Em pol ϭ 0°, improves the spectral resolution of fluorescence and scattering. The magic-angle configuration results in intensity proportional to the total light intensity and is
FIG. 2.
Data showing the anomalous partitioning of the peptide TMX-3 into small unilamellar vesicles (SUV). Solid curves show the tryptophan fluorescence spectra of TMX-3 at pH 8 and the dashed curves the spectra at pH 5. Membrane partitioning of TMX-3 is expected to be strongly affected by the difference in protonation state of its two histidines (16) , as is indeed observed for LUV. For SUV, on the other hand, the His protonation state has little effect. This difference in partitioning manifests itself in a lower intensity and a red-shifted spectrum at pH 5 compared to pH 8, observed with LUV samples (bottom curves). In contrast, for SUV samples (two coinciding top curves) this difference is completely lost, indicating an anomalous interaction.
generally used to eliminate the effects of polarization associated with fluorophore rotation or variations in the transmission and detection efficiency of light of various polarizations (17) . Although absolutely crucial for some fluorescence studies (e.g., fluorescence lifetime measurements), the magic-angle alignment is not required for spectral analysis of emission nor for determination of membrane partitioning (as discussed in subsequent sections). Indeed, as shown in Fig. 3 (curve 1), a cross-oriented configuration of the polarizers (Ex pol ϭ 90°, Em pol ϭ 0°) provides maximal suppression of the scattering artifacts apparent in spectra gathered in the absence of polarizers (curve 3, Fig. 3 ).
The use of polarizers has the additional benefit of allowing correction of certain types of spectral distortions caused by the polarization characteristics of grating monochromators, which allow anomalous transmission of horizontally polarized light in some spectral regions [for more details, see p. 34 in Lakowicz's textbook (17)]. Emission spectra of aqueous Trp in the absence of LUV, measured with different polarizer configurations are presented in Fig. 4 . All of the spectra collected with a vertical orientation of the emission polarizer (Em pol ϭ 0°) are free of distortions (Fig. 4A , curves 1-3), while emission polarizer orientations other than vertical (Fig. 4B ) or the absence of polarizers (Fig. 4B , curve 5) results in spectral distortion. It is worth mentioning that some commercially available spectrofluorometers (e.g., SLM) have a magic-angle preset selection on their polarizer menus that sets the excitation polarizer vertically (Ex pol ϭ 0°) and the emission polarizer at Em pol ϭ 54.7°. This is the configuration used in the collection of Fig. 4B , curve 4; it is not suitable for spectral measurements of emission. We recommend the use of the reversed magic-angle configuration, for which Em pol ϭ 0°and Ex pol ϭ 54.7°(see Fig.  4A , curve 3). For many applications, however, a magicangle configuration is not required and we thus routinely use the cross-polarized configuration (Em pol ϭ 0°a nd Ex pol ϭ 90°, Fig. 4A , curve 2). Another obvious way to improve spectral separation of emission and scattering is to use a shorter excitation wavelength. Most of the fluorescence properties of tryptophan (with the exception of polarization) show no dependence on excitation wavelength in the region of 260 -290 nm (18) . However, using an excitation wavelength shorter than 295 nm will result in excitation of Tyr as well as Trp, which may obscure the shape of tryptophan's emission spectra. Comparison of spectral distributions of emission collected when the contribu- 0°(curve 4) or the absence polarizers (curve 5). The latter spectrum was divided by a factor of 100 in order to present it on the same scale as the other spectra. tion of the Tyr component changes from maximal (278 nm) to minimal (293) can provide information on the distance separating Tyr and Trp residues in folded proteins (19) . However, the spectral distribution analysis presented in the next section requires selective excitation of tryptophans. Because peptides that we use generally do not have any chromophores other than Trp, we mainly use excitation at 270 nm. The same type of analysis for a Tyr-containing peptide requires an excitation at 295 nm. In contrast, for thermodynamic measurements, such as those described below, selectivity in excitation is a minor consideration and we routinely use 260 or 270 nm excitation in lipid titration experiments.
The effects of attenuation of fluorescence by scattering are demonstrated in Fig. 5 , where a sample containing Trp and LUV in the same 2 ϫ 10-mm cuvette was measured in two orientations with respect to excitation (Fig. 5, Schemes 1 and 2 ). Curves 1 correspond to the excitation along the short cuvette axis, and curves 2 through the long axis. A longer excitation beam pathway and the consequent predominant scattering of excitation light results in substantial loss of intensity (Fig. 5A) . A longer emission beam pathway and the consequent predominant scattering of emitted light results in a substantial apparent spectral red shift (Fig. 5B) . Different applications of fluorescence technique might thus require alteration in sample geometry: short emission pathways for spectral measurements and short excitation pathways for intensity measurements.
The above examples clearly indicate the dangers of ignoring scattering artifacts in the interpretation of Trp fluorescence in membranes. For example, if one were to compare the spectral position of a tryptophan zwitterion in buffer and in the presence of neutral membranes without considering the effects of scattering, one would conclude (erroneously) that Trp binds to membranes. In fact, application of direct equilibrium dialysis measurements does not detect any partitioning of Trp into POPC at concentrations up to 20 mM POPC LUV [unpublished, see also (20) ], which is consistent with the prediction of the whole-residue interfacial hydrophobicity scale (16) . This means that any difference in fluorescence between tryptophan in buffer and in the presence of membranes must be solely due to optical artifacts associated with scattering. A useful result is that the contribution of scattering to Trp fluorescence is easily checked using a Trp zwitterion/ LUV sample. Comparison of the spectral properties of the Trp zwitterion with and without membranes will indicate the degree to which scattering artifacts have been reduced through manipulation of polarizers and optical path. Figure 6 shows that scattering artifacts can be removed with excellent success. The results of two experiments are shown: spectra for Trp in buffer (circles) and in the presence of 6 mM POPC LUV (triangles). Both spectra were collected with 260 nm excitation and cross-oriented polarizers in a 2 ϫ 2-mm cuvette; intensity versus wavelength curves obtained from corresponding blank (i.e., Trp-free) samples have been subtracted. In order to determine the spectral parameters of the curves with great accuracy, we fit the data to log-normal distributions using Eq. [1] (solid lines). The differences between the numbers for max and ⌫ are negligibly small, indicating that the correct spectral parameters under conditions of high scattering can be obtained. The reduction of intensity in the presence of LUV is due to the attenuation of excitation light. Although this reduction cannot be further reduced by simple improvements of the experimental scheme, the curves of Fig. 6 can be used together to correct for scattering artifacts in vesicle experiments (see below). 
Spectral Shape Analysis and Conformational Heterogeneity
The max of tryptophan fluorescence in proteins varies over a 40-nm range, depending upon the polarity and rigidity of local environment. According to the model of discrete states of Burstein and co-workers (4, 5) (reviewed in 3, 21, 22), there are five most probable spectral forms of tryptophan residues: two with structured spectra (classes A and S) and three with unstructured spectra (classes I, II, and III, roughly related to the degree of water exposure; see below). The spectral shape of the latter can be fitted to a log-normal distribution to obtain the fluorescence wavelength maximum max and spectral width ⌫ (Eq. [1] , Fig. 1A ) which can be used in turn to estimate conformational heterogeneity in a variety of systems, including membranebound proteins and peptides. The estimate takes advantage of the fact that the spectral width of tryptophan and other indole derivatives in isotropic environments depends linearly on max (4) . The resulting straight line on a position-width plot can be used as a reference line for judging structural heterogeneity: Spectral widths falling above the line indicate increased spectral broadening caused by structural heterogeneities of the tryptophan environment. Advanced quantitative applications of the spectral shape analysis allow direct resolution of the protein spectra into individual components (23, 24) . Here we apply an original version of the position-width analysis which is very robust and does not require any additional measurements or specialized software.
An example of position-width spectral analysis of the conformational heterogeneity of melittin in solution is presented in Fig. 7 . The straight line is a baseline obtained by a linear fit of the spectral characteristics of N-acetyl-Trp-amide in various mixtures of organic and aqueous solvents. It is very close to that measured by Burstein et al. (4) . Fluorescence is heterogeneous when the position-width point is above this baseline. The solid circles represent the titration of melittin in solution with KCl, which causes conformational heterogeneity due to a transition from monomer to tetramer. At low ionic strength, melittin exists as a largely unstructured monomer with a highly exposed tryptophan. Raising the ionic strength by additions of the salt induces the monomer-tetramer transition, resulting in the removal of the tryptophan sidechain from the aqueous phase. Intermediate states contain mixtures of monomer and tetramer and consequently have significantly broadened spectra spectral parameters that follow predicted semiarc patterns on the plot (4).
The results of the same kind of spectral analysis for three single-Trp membrane-binding peptides (melittin, TMX-1, and TMX-3) are presented in Fig. 8 . The solid line is the same baseline as in Fig. 7 . The large circles indicate Trp classes I, II, and III of tryptophan residues (4). Position-width points have been obtained from parameters of log-normal fits of the spectral distributions of melittin (triangles), TMX-1 (diamonds), and TMX-3 (squares) when free in solution (open symbols) and upon addition of amounts of POPC LUV sufficient to cause saturation of the fluorescence signal and maxi-
FIG. 6.
Examples of log-normal fits of fluorescence spectra. Spectra for tryptophan without (circles) and in the presence (triangles) of 6 mM POPC LUV were collected with 260 nm excitation in a 2 ϫ 2-mm cuvette with Ex pol ϭ 90°and Em pol ϭ 0° (Figs. 3 and 4) . Direct contributions of scattered light to the two spectra have been corrected by subtraction of the corresponding blank (i.e., no Trp) samples. The solid curves correspond to log-normal fits using Eq. [1] . Because the tryptophan zwitterion does not interact with the membranes, the addition of LUV does not affect the Trp spectral distribution. The intensity reduction in the presence of LUV is due to the loss of excitation and emission light by scattering.
FIG. 7.
Position-width plot for analysis of the heterogeneity of tryptophan fluorescence from spectral parameters max and ⌫ obtained from log-normal fits. The straight line is the baseline obtained by a linear fit of the spectral characteristics of N-acetyl-Trp-amide in various mixtures of organic and aqueous solvents (ϩ). The fluorescence is heterogeneous for position-width points above this baseline. Solid circles (F) show the titration of melittin in solution with KCl, which causes a conformational change from monomer to tetramer. This transition is accompanied by changes in tryptophan exposure resulting in a characteristic semiarc appearance on the plot (dashed curve). mal peptide binding (solid symbols). Melittin and TMX-3 in solution were measured under conditions that cause them to be monomeric with full exposure of their tryptophans to water (class III Trp). In contrast, TMX-1 appears to be aggregated at all experimentally accessible concentrations, causing its fluorescence to be blue shifted. It was concluded that the "Trp in TMX-1 was partially shielded from the aqueous phase" (1), i.e., belongs to class II Trp. The width analysis of Fig. 8 , however, is consistent with another interpretation: TMX-1 forms a heterogeneous aggregate in which some tryptophans are fully exposed (class III Trp) and some are fully buried (class I and perhaps S). This appears to be a general pattern observed upon aggregation of such peptides because TMX-3 at high concentrations exhibits similar spectral broadening (not shown).
Upon addition of LUV, the position-width data for melittin and TMX-3 follow a familiar semiarc pattern (not shown) until they reach saturation at a point consistent with the pure class I spectrum. Under our experimental condition of low peptide-to-lipid ratio (about 500), both TMX-3 and melittin are probably located in the interfacial region of the membrane (unpublished observation), as for most amphipathic peptides (25) .
Although the max of TMX-1 in the presence of POPC LUV is close to those of the other two peptides, the substantial broadening above the baseline indicates a more complex membrane interaction. This broadening is unlikely to be associated with insufficient partitioning because it was also observed with anionic membranes (not shown) to which TMX-1 has a much higher affinity (1) . However, the existence of a subpopulation of aggregates that do not interact with neutral membranes even at lipid saturation cannot be excluded. A more likely explanation, however, is that TMX-1 remains at least partially in the aggregated form upon membrane partitioning. This would create two or more Trp environments, such as water exposed and membrane exposed.
Regardless of the exact reasons behind spectral broadening for a particular membrane protein or peptide, the two-dimensional position-width analysis provides additional insights compared to conventional analysis of the position of spectral maximum. To implement this approach, one needs to generate a baseline using the same fluorescent instrument used to measure protein samples (it should be noted that spectral sensitivity for some commercial instruments could be rather distorted). Alternatively, one can use the parameters presented here, ⌫( max ) ϭ Ϫ156.7 ϩ 0.624 max and correct the spectral distribution of protein under study using a tryptophan or indole standard (see Appendix). We have used an SLM instrument with a single-grating monochromator to generate a Trp reference spectrum, which is very close to that used by the Burstein's group [see Permyakov (21) ].
Linear-Response Spectroscopic Functions and the Determination of Membrane Partitioning Energetics
Membrane association of peptides and proteins often results in changes in tryptophan fluorescence that can be utilized to study the energetics of membrane partitioning (26) . Two issues must be considered in such studies: (a) the choice of a spectral parameter related to peptide binding and (b) correction for scattering artifacts.
The spectroscopically observed parameter should be a linear-response function, i.e., the fractional change in the parameter should coincide with the fractional change in the amount of a particular molecular species, such as bound versus unbound or folded versus unfolded (see 3, 26, 27) . The Trp fluorescence of the bound or folded species is generally accompanied by a blue shift in max and an increase in I o (Fig. 1A) . The linearresponse-function concept is illustrated in Fig. 9 by means of a simple simulation. Consider a spectrum for a free peptide in solution (0% bound) and when fully bound to membrane (100% bound). The simulated spectra are chosen to be consistent with spectral classes III and I, respectively (Fig. 8) . The 50% bound spectrum was created by adding the 0 and 100% spectra and then dividing the result by 2. The resulting spectrum can be fitted to a log-normal distribution using Eq. [1] in order to quantitate its spectral parameters (dashed curve). Figure 9A shows clearly that the fluorescence intensity at a fixed wavelength, in this case 325 nm, is linearly related to the amount of peptide bound. Consequently, a change in fluorescence intensity at a fixed wavelength is a linear-response function. Any wavelength may be used, but for maximum precision a wavelength should be chosen that maximizes the response. Clearly, in this example, 325 nm is the best choice. Figure 9B illustrates other types of analysis often seen in reports of membrane partitioning studies. The same data as in Fig. 9A have been used, except now either the intensities or the positions of the fluorescence maxima are used as response functions. The figure shows clearly that neither response function is a linear one. If the position of maxima are used to quantitate binding, we would erroneously conclude that the 50% bound spectrum represents 70% peptide binding. If intensities at max are used, we would conclude, again erroneously, that the 50% bound spectrum represents only 40% peptide binding.
Therefore, in contrast to max or the intensity at max ,
FIG. 9.
Illustrative example of the spectroscopic linear-response function concept. The solid curves show simulated spectra of a peptide free in solution (0% bound), 50% bound, and 100% bound. The 50% bound curve is an equal mixture of the 0% and 100% bound curves. The heavy dashed curves are the fit of a single log-normal distribution to the 50% bound spectra (Eq. [1] ). (A) Example of a linear-response function, in this case the intensity at any constant wavelength. The differences between intensity levels (horizontal dashed lines and numbers) are linearly proportional to the amount of peptide bound. The wavelength of 325 nm was chosen because, in this example, the differences in intensity levels are maximal at that value. (B) Examples of nonlinear-response functions. Examination of the dashed vertical and horizontal lines reveals that neither the wavelengths of maximum emission ( max ) nor the intensities at max are linear response functions. For example, if max had been assumed to be a linear-response function, one would erroneously conclude that the 50% bound max corresponds to more than 50% binding. If intensity at max were assumed to be a linear-response function, one would conclude that less than 50% was bound. only the intensity at any constant wavelength scales linearly with the fraction of different molecular species and can be used to follow membrane partitioning. Importantly, any polarization component of intensity is also a linear-response function while anisotropy or polarization is not (27) . This means that cross-oriented polarizers can be used to minimize scattering during membrane titration experiments without fear of distorting the fixed-wavelength response function. Now consider intensity corrections for scattering effects. These are particularly important in binding studies in which a solution of peptide is titrated with LUV because scattering increases with each addition. The need for such corrections is apparent from the attenuation of fluorescence intensity in the absence of actual membrane binding (see Fig. 6 and related discussion). Because vesicle-scattered light, unlike light absorbed by an additional nonfluorescent substance, can still excite Trp fluorescence, it is not possible to correct for attenuation caused by scattering using equations for the inner filter effect (17, 21) . Instead, an empirical correction obtained with the help of a reference compound should be used (28) . Here we use the tryptophan zwitterion as such a reference to correct data for melittin titration with SUV or and LUV, Figs. 10A and 10B, respectively.
In these experiments, the fluorescence of melittin was excited at 270 nm and the emission was measured at 334 nm using a 2 ϫ 10-mm cuvette oriented perpendicular to the excitation beam (Fig. 5A, Scheme 1) . Cross-oriented polarizers (Em pol ϭ 0°, Ex pol ϭ 90°) were used to minimize the scattering background. Fluorescence was normalized to the value in the absence of membranes. Except for the peptide dilution factor, the open symbols in Fig. 10 represent uncorrected data. They show a characteristic drop at high lipid concentration because scattering increases more rapidly than fluorescence increases associated with fractional membrane partitioning of the peptide. This drop is often erroneously interpreted as another molecular event that a peptide undergoes on the membrane (e.g., aggregation). This artifact is easily corrected for by using intensity data from nonpartitioning Trp zwitterion (Fig. 6) The data of Fig. 10 corrected in this way are shown as solid symbols. The corrections are substantial for SUV as well as LUV, consistent with our earlier claim that SUV data must be corrected for scattering despite their lower light scattering power. The solid curves represent the best fits of the data to the equation (26)
where K x is a mole-fraction partition coefficient, I ϱ is the fluorescence increase upon complete binding The water-to-bilayer mole-fraction free energies of transfer (26, 34) for melittin into SUV and LUV are 7.40 (Ϯ0.05) and 6.68 (Ϯ0.06) kcal mol Ϫ1 , respectively. Melittin thus partitions more strongly into SUV, although the fluorescence intensity I ϱ corresponding to fully bound melittin is similar in SUV and LUV. More important, these results show that the use of data uncorrected for scattering will result in systematic errors in binding parameters regardless of vesicle type. Importantly, the magnitude of the errors will depend on the wavelength region used for data were collection (see Figs. 1 and 9) . In our experience, use of data uncorrected for scattering may result in as much as an order of magnitude deviation of the apparent partition coefficient.
CONCLUSIONS
The suggestions presented in this paper for data collection and analysis for conformational heterogeneity and membrane partitioning are summarized in Table 1. Spectral analysis for conformational heterogeneity requires more restrictive experimental conditions, such as selective excitation wavelength, narrow emission slit, unique orientation of polarizers, and a short emission path. All of these requirements are more relaxed for determination of intensity in partitioning studies, which require correction for scattering, however, using tryptophan as a reference chromophore. The correction of spectral distribution is not strictly necessary as long as a baseline for the position-width plot is established. For those who wish to take advantage of our measurements of the baseline parameters determined using an SLM instrument, we recommend spectral correction using the SLM-compatible standards presented in the Appendix.
We have demonstrated that scattering associated with lipid vesicles, which hinders both intensity and spectral measurements of tryptophan fluorescence in membranes, can be minimized and corrected for. Appropriate experimental schemes described here will allow correct fluorescence measurements in the presence of relatively high concentrations of LUV. Because corrections are also required for SUV, there is no compelling reason to use SUV for equilibrium thermodynamic measurements. We have also demonstrated the advantages of correct measurements of tryptophan fluorescence in structural and thermodynamic studies of membrane proteins and peptides. Failure to perform proper corrections may result in misleading conclusions about the nature of membrane interaction. Exploring the advantages of correct measurements and avoiding the pitfalls of misinterpretation constitutes the answer to the question posed in the title of this paper.
APPENDIX Reference Fluorescence Spectra Compatible with the SLM 8000c Spectrofluorometer
In order to take advantage of our baseline in the position-width analysis, an SLM-compatible protein spectrum is need. It can be obtained through multiplication of the observed uncorrected (uncor) spectrum by the ratio of an SLM-compatible reference (ref) spectrum (below) and the corresponding uncorrected spectrum: Note. The numbers, read from left to right and top to bottom, are the intensities of the spectrum of tryptophan measured from 300 to 500 nm in 1-nm steps. The sample was 0.01 mM tryptophan, 10 mM Hepes buffer (pH 7.0), and 50 mM KCl. Note. The numbers, read from left to right and top to bottom, are the intensities of a normalized standard spectrum of indole measured from 290 to 450 nm in 1-nm steps. The sample consisted of 0.01 mM indole in twice-distilled water.
